Published genomic differences between Cryptosporidium parvum genotype 1 (human-derived) and genotype 2 (animal and human-derived) 
INTRODUCTION
Cryptosporidium parvum is a protozoan parasite belonging to the phylum Apicomplexa, subclass Coccidia. C. parvum causes a self-limiting infection of the small intestine in immunocompetent humans or animals, but it also can be persistent (1) and life threatening in immunocompromised individuals, particularly those with AIDS (2) . Even though C. parvum was described in 1907 (3), it was not recognized as a pathogen of mammals until 1971 when the infection was linked to calf diarrhoea (4) . Chronic cryptosporidiosis became recognized with the emergence of the human immunodeficiency virus (HIV) and AIDS (5) . Human cryptosporidiosis is attributed to two major genotypes (6) (7) (8) , of which type 1 is found exclusively in humans, while type 2 is zoonotic and found in other mammals, including humans. A recent analysis of some 450 isolates from children with diarrhoea in Uganda, collected over 15 months, showed that 74% were of type 1 while only 19% were type 2 (manuscript in preparation). In contrast, an analysis of 1705 sporadic cases from the UK, showed type 2 to be predominant in 62% of cases compared to 38% of type 1 (9, 10) . There is a paucity of information regarding type 1 since only type 2 isolates were extensively studied utilizing in vivo or in vitro models. The recent successful transmission and serial propagation of human derived C. parvum type 1 isolates in gnotobiotic piglets by our group (11) offers new opportunities to examine human type 1 isolates. In contrast to severe clinical symptoms and a longer period of shedding associated with type 2 infection in gnotobiotic piglets, animals inoculated with type 1 exhibit less severe cryptosporidiosis (11) . The genotypic heterogeneity among C. parvum isolates has not been correlated so far with phenotypic, traits including virulence, cell tropism or the nature of the immune response. Several structural surface glycoproteins (gp) have been identified in C. parvum sporozoites. They are thought to mediate the initial parasite attachment and/or invasion to the host cell (12) (13) (14) (15) , as specific monoclonal antibodies (Mab) against them could inhibit attachment and invasion (13, 15, 16) . More recent studies with monoclonal antibodies to sporozoite surface proteins revealed the presence of glycosylated epitope residues present in the two oocyst-/sporozoite-surface proteins of 40 and 900 kDa (12) . The glycosylated nature of these proteins (gp) suggested the possibility of facilitating parasite to host-cell attachment through the carbohydrate epitopes. The gene Cpgp40/15 (also named gp15/40/60 or Cp17), encoding a precursor protein which is cleaved to yield polypeptides gp40 (the 40 kDa glycoprotein referred to above) as well as gp15, has been cloned and sequenced (13 -15) . This gene exhibits a high level of polymorphism among C. parvum type 1 versus type isolates (14) . The level of Cpgp40/15 genetic and amino acid diversity suggests that antigen differences should also occur, a feature that was investigated in our study.
MATERIALS AND METHODS

C. parvum
Prototype strains of type 1 (TU502) and type 2 (GCH1), with distinct genetic differences at multiple loci as detected by microsatellite analysis (17) , were used for animal inoculations, immunizations and as enzyme-linked immunosorbent assay (ELISA)/Western blot antigens. Oocysts were purified from faeces of infected calves as previously described (18) . Briefly, the procedure involved homogenization and filtration of faeces in distilled water, disinfection of oocysts in 0·5% hypochlorite solution, Percoll-gradient (Sigma, St Louis, MO, USA) separation and Nycodenzgradient (Sigma) purification. The purified oocysts were washed in ice-cold, sterile phosphate-buffered saline and counted with a haemocytometer. For use as ELISA / Western blot antigens, purified oocysts were treated at 37°C with 0·75% taurocholic acid for 1 h in order to release sporozoites.
Gnotobiotic piglets and serum samples
A total of 16 piglets were derived by Caesarean section and maintained under gnotobiotic conditions as described previously (19) . The first group of seven 1-day-old piglets were used for oral inoculation with type 1 (TU502, pig-derived isolate) at a dose of approximately 1 × 10 6 oocysts per animal. The intensity of oocyst fecal shedding (0-5 scale) and clinical status of inoculated piglets were recorded daily as described (20) . Blood was drawn from all seven piglets at 4 weeks of age to harvest convalescent serum. In addition, three of the TU502-inoculated piglets were intramuscularly immunized at 4 weeks of age with 5 × 10 7 oocysts (TU502) in Freund's incomplete adjuvant in order to produce immune sera that were harvested 3 days later. The second group of nine 1-day-old piglets was inoculated with type 2 (GCH1), and the convalescent sera were harvested similarly as described for piglets inoculated with type 1. Four piglets were assigned for production of immune sera to type 2.
Western blot
C. parvum proteins (3 × 10 6 excysted oocysts per lane) were separated (40 mA for 3 h) by 8-16% sodium dodecyl sulphate polyacrylamide gradient gel electrophoresis (Criterion-Precast, Bio-Rad, Hercules, CA, USA). Separated proteins were transferred to nitrocellulose membrane (395 mA, 18 h, 4°C) and blocked with 5% w/v low-fat milk in TBS-T for 1 h, 25°C to prevent nonspecific antibody binding. After blocking, the membranes were washed with TBS-T and probed with C. parvum-specific pig or mouse polyclonal antibodies for 2 h at 25°C. Horseradish peroxidaseconjugated goat antibodies to pig immunoglobulin (Ig)G (Bethyl-Laboratories, Montgomery, TX, USA) and to mouse IgG (Sigma) were used as secondary antibodies. A colourimetric reaction was developed, using the tetramethylbenzidine chromogenic substrate (TMB, Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA).
C. parvum recombinant gp15 and gp40 proteins and antibodies
Recombinant GCH1-derived gp15 and gp40, expressed in Escherischia coli pET32/Xa/LIC vector as 28 and 50 kDa fusion proteins, respectively, and generated as described previously (13) , containing thioredoxin, His and S tags, were used in Western blots. In addition, negative control fusion protein expressing only thioredoxin, His and S tags and the additional eight amino acids of molecular weight 20 kDa was used. Fusion proteins were purified by metal ion-affinity chromatography using a Talon kit (Clontech, Palo Alto, CA, USA) according to the manufacturer's instructions. Protein estimation was performed using a Micro BCA kit (Pierce, Rockford, IL, USA). A total amount of 0·2 g per lane of each recombinant protein was loaded. To produce mouse polyclonal antisera to recombinant gp40 and gp15, 3-week-old BALB/c mice were immunized intraperitoneally with the respective fusion protein excised from SDS polyacrylamide gels at 2-weekly intervals until antibody production was achieved, as determined by immunoblotting of an oocyst lysate with sera obtained by tail bleeds.
Deglycosylation of C. parvum native proteins
C. parvum proteins were separated on 5-15% gradient SDS-PAGE gels and transferred to nitrocellulose membrane.
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Variability among C. parvum surface glycoproteins Transferred proteins were deglycosylated by periodate oxidation as described (21) . Briefly, membranes were exposed to 10 m periodate in 50 m sodium acetate buffer (pH 4·5) for 1 h in the dark at room temperature (25°C). Membranes were then rinsed with sodium acetate buffer and incubated with 50 m sodium borohydride in PBS for 30 min at room temperature. Treated proteins were probed with pig anti-C. parvum antibodies for 1 h at room temperature. Horseradish peroxidase-conjugated rabbit antipig IgG (Sigma) was used as secondary antibody. A colourimetric reaction was developed, using the tetramethylbenzidine chromogenic substrate.
Sequence analysis of C. parvum Cpgp40/15
The type 2 Iowa isolate Cpgp40/15 nucleotide sequence was searched against the nonredundant GenBank database using the BLASTN algorithm. Resulting sequences (15 type 1 and 14 type 2 isolates) were sorted according to probability significance scores of homology. The GenBank accession numbers AF114166-AF224464 were used. These sequences were subjected to BLASTN searches against the GenBank database to identify clones homologous to Cpgp40/15 amino-acid sequence of C. parvum type 1 NEMC1 isolate, or to Cpgp40/15 amino-acid sequence of C. parvum type 2 IOWA isolate.
RESULTS
All 16 pigs inoculated with C. parvum type 1 or type 2 isolates developed clinical symptoms of cryptosporidiosis characteristic of diarrhoea and oocyst shedding in faeces. The length of oocyst shedding varied between 1 and 3 weeks for both C. parvum isolates. The identity of C. parvum used for inoculation and C. parvum shed in faeces was confirmed by genotyping utilizing the restriction fragment length polymorphism and multilocus microsatellite analysis as previously described by our group (17) . No displacement of type 1 with type 2 and vice versa was observed (not shown). When convalescent sera from GCH1 and TU502 inoculated animals were analysed by Western blot, distinct reactivity patterns with homologous and heterologous native and recombinant proteins were found (Figure 1 ). Convalescent serum from GCH1 inoculated pigs (Figure 1a ) showed prominent reactions with both GCH1 (lane 1) and TU502 (lane 2) native antigens, and GCH1-derived gp40 (lane 3) Figure 1 The C. parvum specific IgG seroconversion against type 1 (TU502) and type 2 (GCH1) was tested by Western blot to assess the reactivity against homologous and heterologous native and recombinant proteins. (Figure 1c ) and gp15 of GCH1 (Figure 1d ) exhibited a stronger reaction at the level of both native GCH1 than TU502 antigens (Figure 1c,d ). Both recombinant proteins (gp40 and gp15) were recognized by serum generated against either protein (Figure 1c,d) . The cross-reactivity of both recombinant proteins with antisera to each recombinant protein was due to the presence of antibodies to the fusion tags that were present in both fusion proteins with which the mice were immunized (Figure 1c,d ). Both major (gp15) and minor (gp20 -29 kDa) antigenic differences were observed (Figure 1 ), suggesting that gp40/15 is not the only surface glycoprotein under the host immune pressure.
The sera from pigs that had been orally inoculated and intramuscularly immunized with C. parvum (immune sera) were tested by Western blot (Figure 2 ) to confirm the results generated by convalescent sera (Figure 1) . In addition to a prominent (gp15) difference in reactivity of immune serum prepared against GCH1 (Figure 2a ) and TU502 (Figure 2b) antigens, minor differences were also observed (gp23). No difference was observed for gp900 ( Figure 2 ). When GCH1 and TU502 antigens were treated by periodate oxidation, decreased/no reactivity of the three major immunodominant proteins was observed (Figure 3) . From comparative analysis of published Cpgp40/15 amino-acid sequences of 15 type 1 and 14 type 2 C. parvum isolates, more than 80% homology and significant similarity (P < 0·00005) was found ( Figure 4 ). Whereas the type 2 homologies were 98-100%, type 1 isolates were 84·8-100% and type 1 versus type 2 isolates were 87-94·3% homologous (Figure 4) .
DISCUSSION
Recently published studies on C. parvum Cpgp40/15 surface glycoprotein gene composition and antigen characteristics 7 and 10) or TU502 (lanes 8 and 9) . Decreased /no reactivity of the three major immunodominant glycoproteins (gp900, gp23 and gp15) was observed after periodate oxidation treatment (b). 
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Variability among C. parvum surface glycoproteins shed new light on the taxonomy and evolution of C. parvum (12) (13) (14) . The glycosylated nature of these proteins suggests a possible role in parasite attachment and invasion of host cells (enteric epithelium) (12) (13) (14) (15) (16) . Cpgp40/15 genetic sequence differences among genotype 1 and 2 C. parvum isolates suggests that these proteins are likely targets of selective pressure applied by the host immune system. The level of Cpgp40/15 genetic and amino acid diversity suggests that antigen differences should also occur, a feature that was investigated in our study. We used the two C. parvum prototype isolates: TU502 (genotype 1) and GCH1 (genotype 2), since both isolates had been adapted in our laboratory for serial in vivo propagation in the gnotobiotic pig model (11) .
To assess the antigenicity of TU502 and GCH1 proteins, and to identify possible differences at the level of Cpgp40/ 15, we used convalescent and immune sera from inoculated/ immunized gnotobiotic pigs. We also used mouse sera from animals immunized with recombinant proteins to verify the results generated with native C. parvum proteins. To illustrate the genetic diversity of C. parvum Cpgp40/15, we used published (GenBank) sequences of 15 type 1 and 14 type 2 sequences ( Figure 4) . As reported by Strong et al. (14) , the Cpgp40/15 gene is the most polymorphic C. parvum protein so far identified; moreover, variations can be observed between type 1 and type 2 isolates and also among type 1 but not type 2 isolates (Figure 4) . It remains to be elucidated why type 2 isolates do not exhibit the same level of polymorphism as those of type 1. It was suggested that type 1 isolates could be further subdivided into four allelic subgroups based on Cpgp40/15 genomic analysis of 29 C. parvum isolates (14) . To assess the corresponding antigenic differences, we used the two prototype isolates on the understanding that further antigen differences could be identified among type 1 isolates in future studies. The major antigen differences between the two isolates (TU502 and GCH1) were identified on the level of gp15 by utilizing the polyclonal antibodies against both native and recombinant gp15. The minor antigen differences between the two analysed isolates were found in the range of gp23-27. This is consistent with findings from other studies that also utilized convalescent animal or human sera and identified gp15 and gp23-27 as immunodominant (22) (23) (24) (25) (26) (27) (28) . Using the protein analysis tools available in the MacVector software (Accelrys Inc., Princeton, NJ, USA) (GCG), the amino acid sequence, VEDASKRDKY (type 2 sequence), is predicted to be surface-exposed and a potential antigenic site (unpublished). This sequence is the most polymorphic region within the type 1 gp15 sequences, suggesting that this might be an important epitope.
In earlier studies, a prominent serum IgM and IgG reactivity to 15-, 17-and 27-kDa C. parvum proteins in experimentally infected human volunteers was reported (24) . Studies on the ability of C. parvum specific serum and mucosal secretions to prevent infection demonstrated that increased IgA levels do not correlate with protection (29) . A DNA-vaccine that encoded another C. parvum gene (also named gp15 but with a different nucleotide sequence to the gp15 referred to in the present study) was reported to induce protective IgG in pregnant goats, which is also transferred to offspring (30) . In our study, we found that not only was gp15 the most prominent immunodominant C. parvum protein, but it also exhibited the distinct Western blot reactivity for GCH1 or TU502 isolates. In studies with C. parvum infected calves, IgM, IgG and IgA antibodies specific to C. parvum gp23 were present in intestinal secretions up to 2 months after inoculation (31) . In our study, gp23 was among the three recognizable immunodominant proteins, together with gp15 and gp900. Although the differences between the GCH1 and TU502 were more prominent for gp15, minor differences were also observed for gp23-25. Deglycosylation treatment of immunodominant proteins (gp15, 23 and 900) with sodium periodate resulted in reduced reactivity with serum antibodies. This is in an agreement with the conclusions from previous studies showing that the structure and function of C. parvum surface proteins is glycosylation-dependent (12, 14) .
In other studies with gnotobiotic piglets inoculated with type 1 oocysts, a displacement of the original type 1 isolate to type 2 had occurred (Widmer and Tzipori, unpublished observations). It was hypothesized that by inoculating the pigs with type 1 oocysts containing a type 2 subpopulation, preferential growth of type 2 oocysts would take place within several passages in vivo (11) . In our study, the assurance of original stock identity was achieved using the in vivo Figure 4 Summary of C. parvum type 1 versus type 2 gp40/15 genetic sequence similarity using the published (GenBank) sequences. Nucleotide sequences of type 2 isolates (A) exhibit a greater (98 -100%) level of similarity than type 1 isolates (B) (i.e. 84·8 -100%). When type 1 sequences were compared with type 2 sequences, genetic sequence similarity was 87-94·3%. adapted TU502 isolate. This isolate has been serially passaged 12 times in gnotobiotic pigs without a change in genotype as demonstrated by restriction fragment length polymorphism and multilocus microsatellite analysis (17) . We contemplate that future studies on genetic and antigenic characterization of C. parvum isolates will identify further differences in Cpgp40/15 with possible consequences on epidemiology, diagnosis, treatment and prevention of cryptosporidiosis.
